We conducted a Phase I clinical trial investigating the biologic activity of vaccination with irradiated autologous melanoma cells engineered to secrete human granulocytemacrophage colony-stimulating factor in patients with metastatic melanoma. Immunization sites were intensely infiltrated with T lymphocytes, dendritic cells, macrophages, and eosinophils in all 21 evaluable patients. Although metastatic lesions resected before vaccination were minimally infiltrated with cells of the immune system in all patients, metastatic lesions resected after vaccination were densely infiltrated with T lymphocytes and plasma cells and showed extensive tumor destruction (at least 80%), fibrosis, and edema in 11 of 16 patients examined. Antimelanoma cytotoxic T cell and antibody responses were associated with tumor destruction. These results demonstrate that vaccination with irradiated autologous melanoma cells engineered to secrete granulocyte-macrophage colonystimulating factor stimulates potent antitumor immunity in humans with metastatic melanoma.
There is compelling evidence that malignant melanoma can evoke specific humoral and cellular antitumor immune responses in some patients. The radial growth phase of primary melanoma is regularly associated with a significant dermal lymphocytic reaction, often resulting in partial tumor destruction (1) . Clonal expansion of T cells occurs in primary regressing melanoma; lymphocytes explanted from such lesions demonstrate cytotoxicity toward autologous melanoma cells in vitro (2, 3) . Although a brisk lymphocytic infiltrate in the vertical growth phase of primary melanoma occurs infrequently, this response is tightly correlated with prolonged survival and a reduced incidence of metastatic disease (4, 5) . Melanoma that has spread to regional lymph nodes may occasionally elicit a striking lymphocytic reaction that is also highly associated with improved survival (6) . Finally, in rare cases, widely disseminated melanoma may undergo spontaneous regression accompanied by a diffuse infiltrate of lymphocytes, plasma cells, and macrophages (7) . Notwithstanding these provocative findings, however, it is clear that most patients fail to develop antimelanoma immune responses that are sufficiently potent to prevent lethal tumor progression.
The application of gene transfer technologies to investigative efforts in tumor immunology has led to the development of several strategies to enhance the frequency and intensity of antitumor immune responses (8) . A large number of preclinical studies have convincingly demonstrated that engineering murine tumor cells to express a variety of immunostimulatory molecules can lead to enhanced tumor immunogenicity. Among the approaches using ex vivo modification of tumor cells, we have shown that vaccination with irradiated tumor cells engineered to secrete granulocyte-macrophage colonystimulating factor (GM-CSF) stimulates potent, specific, and long-lasting antitumor immunity in multiple murine tumor model systems, including malignant melanoma (9) . Immunization requires the participation of both CD4-and CD8-positive T lymphocytes and likely involves improved tumor antigen presentation by dendritic cells and macrophages recruited to the vaccination site. To evaluate whether this immunization strategy can also augment antitumor immunity in humans and to determine whether the elicited immune responses differ from those previously observed with traditional immunization schemes, we conducted a Phase I clinical trial of vaccination with autologous lethally irradiated melanoma cells engineered to secrete human GM-CSF in patients with metastatic melanoma.
METHODS
Clinical Protocol. The details of the study design and methods of vaccine production have been presented previously (10) (11) (12) . In brief, surgically resected tumors were processed to single-cell suspension by collagenase and mechanical digestion and were introduced into short-term culture. Replicating tumor cells were transduced with viral supernatants harvested from CRIP packaging cell lines transfected with MFG-Shuman GM-CSF, irradiated with 15,000 cGy and cryopreserved in liquid nitrogen. Transduced cells were certified to be free of replication-competent retrovirus, endotoxin, mycoplasma, and other microbial contaminants. GM-CSF secretion was determined by ELISA (R & D Systems). A portion of the tumor culture for use in delayed-type hypersensitivity evaluation was irradiated but not transduced. Frozen cells were thawed and washed in Hanks' balanced salt solution before injection; vaccines were administered intradermally (0.5 ml) and subcutaneously (0.5 ml) into normal skin on the limbs and abdomen on a rotating basis. Nontransduced cells were injected intradermally (0.5 ml) into normal skin at the time of beginning vaccination and then at monthly intervals to measure the generation of delayed-type hypersensitivity. Patient sera were tested regularly for replication-competent retrovirus; all samples were negative.
Immunologic Analyses. Peripheral blood mononuclear cells were obtained by centrifugation over Ficoll gradients. Tumorinfiltrating lymphocytes were prepared by mechanical digestion of metastatic deposits. For cytokine assays, lymphocytes were cocultured with irradiated autologous melanoma cells in 24-well dishes in 2 ml of DMEM plus 10% fetal calf serum, antibiotics, 2-mercaptoethanol, and glutamine. Media were harvested at day 8 and assayed for interleukin (IL)-3, IL-4, IL-5, IL-6, IL-10, GM-CSF, interferon (IFN)-␥, tumor necrosis factor (TNF)-␣, and TNF-␤ production by ELISA, using the appropriate monoclonal antibodies (PharMingen). For cytotoxicity assays, lymphocytes were bulk stimulated with irradiated autologous tumor cells for 1 week in media plus 10 units per ml IL-2 and then tested by using standard techniques against 51 Cr-labeled tumor targets (13) .
For immunoblotting analysis, 0.5-2.0 mg of melanoma cell lysates (phosphate-buffered saline supplemented with 0.5% Nonidet P-40, soybean trypsin inhibitor, leupeptin, pepstatin, aminocaproic acid, and phenylmethylsulfonyl fluoride) was electrophoresed on SDS-polyacrylamide 4-12% gradient gels, transferred to Immobilon membranes (Millipore), and blocked overnight at room temperature in 5% nonfat dry milk in PBS. Membranes were probed overnight at 4°C in a 1:100 dilution of patient sera (in Tween 20͞Tris buffered saline), washed, and incubated for 1 hour at room temperature with an antihuman IgG, Fc␥-specific antibody conjugated to alkaline phosphatase (Jackson ImmunoResearch). The membranes were developed then with nitroblue tetrazolium and 5-bromo-4-chloro-3-indoyl phosphate (BCIP) (Promega).
For flow cytometry analysis, at least 100,000 melanoma cells were incubated with a 1:100 dilution of patient serum (in 1% nonfat milk) for 3 hours on ice, washed, and then stained with a 1:100 dilution of antihuman IgG, Fc␥-specific antibody conjugated to fluorescein isothiocyanate.
RESULTS
Vaccine Production and Administration. Thirty-three metastatic melanoma patients (stage IV) ranging from 32 to 82 years of age (18 women, 15 men) were enrolled in the clinical protocol (10) . Twenty had received prior therapies. Patients underwent a surgical procedure to remove a metastatic lesion for vaccine preparation. Tumors were harvested from soft tissue (14 patients), lymph node (9 patients), lung (6 patients), liver (3 patients), and adrenal (1 patient). Two patients were excluded from the study after enrollment because of the absence of melanoma in the surgical specimen and two were excluded because vaccines could not be produced. In the remaining 29 patients, vaccines were successfully generated, achieving GM-CSF secretion rates ranging from 84 to 965 ng per 10 6 cells per 24 hours. The duration of vaccine preparation was generally 8 weeks (range . Three successive patient cohorts were immunized intradermally and subcutaneously with 10 7 irradiated tumor cells (each treatment) administered at 28-, 14-, or 7-day intervals (dose levels 1, 2, and 3, respectively) for a total of 84 days (total of 3, 6, or 12 vaccinations). Four patients at dose level 3 received additional vaccinations (up to a total of 24) after the first course of therapy. Three patients were withdrawn from study after tumor harvest and before vaccination because of rapid disease progression. Five patients were withdrawn from study after beginning vaccination because rapid disease progression prevented administration of the full course of immunizations. Twenty-one patients completed therapy (three at dose level 1, four at dose level 2, and fourteen at dose level 3), were fully evaluable for toxicity and biologic activity and comprised the study population reported here.
Toxicities. Vaccination elicited erythema and induration at injection sites. Reactions were associated with local pruritus that was easily controlled with emollients. Grade 1 fatigue and nasal congestion were occasionally noted. No hepatic, renal, pulmonary, cardiac, hematologic, gastrointestinal, or neurologic toxicities were observed. No patient experienced vitiligo or autoimmune events.
Vaccination Reactions. Injections of irradiated autologous GM-CSF-secreting melanoma cells evoked striking local reactions in all patients, with the intensity and duration of the responses generally increasing in proportion to the number of vaccines administered. Clinically, the reactions were characterized by substantial erythema (up to 35 cm in diameter) and induration (up to 14 cm in diameter). Occasionally, the reactions became hemorrhagic. Vaccination responses tended to peak at approximately 48 hours after cell injection, but the elicited induration could persist for several weeks, particularly after multiple immunizations. An intriguing observation was the frequent development of recall reactions at sites of previous vaccination. Several patients continued to experience these reactions intermittently in a mild form even after completion of therapy (for up to 2 years), although no clear precipitants were identified.
Vaccination sites in all patients were characterized histologically by an extensive infiltrate of dendritic cells, macrophages, eosinophils, and T lymphocytes that extended throughout the dermis and into the subcutaneous fat (Fig. 1A) . The infiltrates at dose levels 2 and 3 were usually more cellular than those at dose level 1 and also resulted more frequently in the development of flame figures (collections of deposited eosinophil granules) and endothelial cell damage in the superficial venules of the upper dermis. Eosinophil degranulation in nerve sheaths, lymphocytic infiltration of hair follicles, and fat necrosis were observed in several patients as well.
Delayed-Type Hypersensitivity Reactions. Although injections of irradiated autologous nontransfected melanoma cells failed to elicit significant responses in all patients at the time of beginning treatment, these injections evoked strong responses in all patients after several vaccinations were administered. Clinically, these delayed-type hypersensitivity reactions were characterized by extensive erythema (up to 10 cm) and induration (up to 6 cm), which peaked at 48 hours and then gradually resolved. Histopathologically, the reactions were characterized by dense infiltrates of T lymphocytes and degranulating eosinophils extending throughout the dermis (Fig.  1B) . The infiltrates at dose levels 2 and 3 were usually greater than those at dose level 1.
Eosinophilia. In addition to the striking involvement of eosinophils in the reactions to injections of both irradiated GM-CSF-secreting and irradiated nontransfected melanoma cells, significant increases in the numbers of peripheral blood eosinophils (but not other leukocytes) were also observed after immunization, with mean peak eosinophil counts of 705 Ϯ 715, 515 Ϯ 102, and 928 Ϯ 571 per mm 3 for dose levels 1, 2, and 3, respectively. The duration of eosinophilia tended to vary as a function of dose, with elevated counts persisting for several weeks more frequently at dose level 3 than at dose level 1 or 2.
Because eosinophilia in many model systems is T celldependent (14), we investigated whether vaccination induced alterations in peripheral blood T cell cytokine production. For these studies, peripheral blood mononuclear cells, obtained at varying times during treatment, were cultured with autologous irradiated nontransfected melanoma cells in the absence of supplemental growth factors; culture supernatants were harvested at day 8 and assayed for cytokine content by ELISA Table 1 ). In nine of ten patients studied, vaccination elicited substantial levels of T cell-derived IL-5, IL-3, and GM-CSF, in contrast to the variable production of IL-4, IL-6, IL-10, and TNF-␤ and the negligible induction of IFN-␥. The enhanced T cell secretion of IL-3, IL-5, and GM-CSF as a consequence of vaccination likely contributed, at least in part, to the augmented production of eosinophils, as these molecules have been shown to enhance the proliferation of eosinophilic precursors in vitro and in vivo (15) . Moreover, the persistence of distinctive cytokine profiles for several months after complet- To determine whether vaccination generated antimelanoma immune responses capable of inducing antitumor effects, we examined the host reactions to metastatic lesions resected before and after completing therapy. Metastatic lesions procured before the beginning of immunization revealed in all patients either the absence of host reactivity or only a modest inflammatory reaction present focally within the tumor (Fig. 1E) . Metastatic lesions resected after the completion of immunization, however, demonstrated a profound immune response in 11 of 16 patients in which tissue could be obtained (Fig. 1C) . These responses were found in metastatic lesions (up to 10 cm in diameter) derived from a variety of sites including skin, subcutaneous tissue, lymph node, lung, spleen, and intestine.
One important characteristic of the antimelanoma immune reaction in each of the 11 responding patients was the diffuse infiltration of tumor masses by large numbers of T lymphocytes and plasma cells (Fig. 1F) . Many CD4-and CD8-positive T lymphocytes were organized into rosettes around dying melanoma cells (satellitosis), a morphologic pattern indicative of lymphocyte-induced tumor apoptosis ( Fig. 1 G and H) . Plasma cells accounted for nearly 50% of the inflammatory cells and were intimately associated with the T lymphocytes and melanoma cells. A second intriguing feature of the antimelanoma response, observed in four patients, was the targeted destruction of the tumor vasculature, whereby lymphocytes, eosinophils, and neutrophils were closely associated with dying tumor blood vessels (Fig. 1D) . Overall, the chronic inflammatory reactions evident in these 11 patients resulted in substantial tumor destruction (at least 80%) and the development of significant edema and fibrosis throughout the resected metastases. Of the five patients failing to develop inflammatory infiltrates in metastatic lesions as a consequence of vaccination, two were treated at dose level 1 and three had rapidly progressive disease resulting in death shortly after completion of therapy. No significant differences in the metastatic immune responses were observed between dose levels 2 and 3.
Characterization of Antimelanoma Cellular and Humoral Immunity. The functional properties of the lymphocytes infiltrating the metastatic lesions were examined in two patients and found to be comparable. When single-cell suspensions of the excised metastases were introduced into culture in the presence of low doses of IL-2 (10 units per ml), the inflammatory cells lysed all of the residual viable melanoma cells. To quantify cytotoxicity in a more formal way, we established additional primary cultures of the explanted metastases in which the nonadherent inflammatory cells were removed; viable melanoma cells could be propagated in this way. When the tumor-infiltrating lymphocytes (bulk cultured for 1 week with the autologous melanoma cells plus 10 units per ml of IL-2) were tested in a standard 4-hour cytotoxicity assay against the explanted melanoma cells, highly significant lysis of the autologous melanoma cells, but not of melanoma cells derived from another patient (differing major histocompatability complex profile), was observed (Fig. 2) . In contrast, peripheral blood lymphocytes failed to lyse either of these targets (not shown). The tumor-infiltrating lymphocytes also demonstrated the ability to produce a broad range of cytokines in response to the autologous melanoma cells, a property that likely contributed to the enhanced T cell cytotoxicity and the prominent antitumor plasma cell response. Analysis of the conditioned medium obtained by coculturing the tumorinfiltrating lymphocytes and autologous melanoma cells revealed substantial levels of IL-4, IL-5, IL-6, IL-10, GM-CSF, and IFN-␥, but not TNF-␤ (Table 2 ). This cytokine profile indicates the coordinate expression of gene products that are associated with both Th1 and Th2 cells and suggests that multiple lymphocyte effector mechanisms can result in potent antitumor immune responses. Moreover, the substantial secretion of IL-10 is provocative, given the widely held view that this molecule is primarily immunosuppressive (16) .
To determine whether the plasma cell infiltration of the metastatic lesions resulted in the generation of antibodies recognizing melanoma cells, we performed immunoblotting analysis using autologous melanoma cell lysates and sera obtained at various times during vaccination. Immunization stimulated the enhanced production of IgG antimelanoma antibodies in seven patients examined thus far (Fig. 3) . The   FIG. 2 . Tumor-infiltrating lymphocytes obtained after vaccination specifically lyse melanoma cells derived from the resected metastasis. A 4-hour 51 Cr release assay against the autologous tumor (K008) and a second melanoma line (E:T ratio of 50:1) derived from another patient (K012, differing major histocompatability complex class I profile) was performed. reactivity of postvaccination sera was characterized both by increased recognition of proteins detected by preimmunization sera and the recognition of proteins not detected by preimmunization sera. The induction of IgG antibodies recognizing surface melanoma cell determinants was also demonstrated in these patients by flow cytometry analysis; significant augmentation of reactivity to cultured melanoma cells as a function of vaccination was observed ( Table 3 ). The specificity profiles of the antibodies elicited by immunization suggest the existence of several independent antigens. Clinical Outcome. According to standard clinical criteria, one partial response (shrinkage of subcutaneous lesions), one mixed response, and three minor responses were observed. Three patients remain free of disease with followup of 36, 36, and 20 months; two were rendered disease-free by surgery (pathologic examination showed brisk lymphocyte and plasma cell infiltration with extensive tumor necrosis); one underwent radiation therapy for a scapular metastasis during vaccine preparation. Before beginning immunization, these patients had developed multiple new metastatic lesions.
DISCUSSION
The Phase I study presented here demonstrates that vaccination with irradiated autologous melanoma cells engineered to secrete GM-CSF consistently augments antitumor cellular and humoral immunity in patients with metastatic melanoma and should be considered for further clinical evaluation to define potential therapeutic efficacy. The most convincing evidence that this immunization scheme enhances antimelanoma immunity is the finding that distant metastases were frequently infiltrated by large numbers of T lymphocytes and plasma cells after, but not before, vaccination. Antimelanoma immune reactions were found in metastases, including bulky lesions, derived from a variety of sites and were documented pathologically in one patient to be persistent 5 months after the completion of therapy in all eight sites of metastatic disease (not shown). Immunohistochemical analysis demonstrated that both CD4-and CD8-positive T cells were in direct contact with dying melanoma cells. Analysis of the infiltrating T lymphocytes and plasma cells suggested several potential antitumor effector mechanisms including lymphocytemediated cytotoxicity, cytokine production, and antibody formation. Antimelanoma immune responses were more intense at dose levels 2 and 3 than at dose level 1; no clear relationship to the level of GM-CSF secretion could be delineated, though.
Pathologic assessment revealed that the coordinated activation of T lymphocytes and plasma cells resulted in destruction of at least 80% of the tumor cells in the infiltrated metastases. In most cases, however, these antitumor immune responses failed to induce clinical regressions; rather, the necrotic tumor masses were largely replaced by inflammatory cells, edema, and extensive fibrosis. These findings underscore the limitations of relying exclusively on traditional measurements of tumor shrinkage in assessing the antitumor activity of this vaccination scheme. Additional studies are required to clarify the mechanisms underlying the resistance of the residual tumor cells.
Many other strategies to enhance the frequency and intensity of antimelanoma immune responses are under active clinical investigation. These include vaccination with autologous, hapten-modified tumor cells in conjunction with bacillus Calmette-Guérin and cyclophosphamide (17); immunization with allogeneic melanoma cells in a variety of forms, including intact cells or shed antigens with bacillus Calmette-Guérin, viral-modified cell lysates, and cell lysates admixed with complex adjuvants (18) (19) (20) (21) (22) ; and vaccination with defined melanoma antigens such as the ganglioside GM2 or peptides derived from the MAGE and melanocyte differentiation protein families (23) (24) (25) (26) . Whereas differences in patient population and immunologic evaluation render it difficult to compare the results of these vaccination schemes with the findings reported here, several similarities with the studies using hapten-modified tumor cell vaccinations nonetheless are evident. These similarities include the frequent infiltration of distant metastases with T lymphocytes, the stimulation of antimelanoma cytotoxic T cells, and the expression of IL-4, IFN-␥, and IL-10 in the inflamed metastases (17, (27) (28) (29) (30) (31) . However, the prominent plasma cell infiltration, IgG antibody response, extensive fibrosis, and vasculopathy observed in the current work have not been described with hapten-modified tumor cell Tumor-infiltrating lymphocytes (TILs) were cultured for 1 week with autologous melanoma cells in the presence of 10 units͞ml IL-2; the supernatant was harvested and analyzed by ELISA. ''Metastasis'' refers to tumor cells cultured alone. 
Melanoma cell lines were stained with sera obtained before and after vaccination, developed with an antihuman IgG Fc␥-specific antibody and analyzed by flow cytometry. Changes in reactivity as a function of vaccination are reported. M, cell line established from a metastasis removed following treatment; V, cell line established from a metastasis used to prepare the vaccine; ϩϩϩ, strong shift between pre-and post-immunization sera; ϩϩ, intermediate shift; ϩ, small shift; 1͞2ϩ, borderline shift; 0, no shift; ND, not determined. vaccines. Further investigations are required to characterize these differences more thoroughly and to determine whether the mechanisms underlying the two vaccination strategies involve distinct or overlapping pathways. Several additional features of the antitumor immune responses elicited here underscore distinctive properties of this immunization scheme. First, all patients developed impressive admixtures of dendritic cells, macrophages, eosinophils, and T lymphocytes at vaccination sites. The dramatic influx of dendritic cells and macrophages supports the hypothesis, derived from studies in experimental murine model systems, that GM-CSF functions to improve tumor antigen presentation by increasing the numbers and activities of host-derived professional antigen presenting cells (9) . All patients also developed, as a function of vaccination, intense infiltrates of T lymphocytes and eosinophils in response to injections of irradiated nontransfected melanoma cells. Whereas the antigens stimulating these delayed-type hypersensitivity reactions remain to be determined (and in particular it remains to be delineated whether they represent previously reported or novel melanoma targets and͞or components of the culture media), the prominent eosinophil component distinguishes these infiltrates from the classical tuberculin-type reactions generated by other vaccination schemes (32) . This histopathology, moreover, bears a remarkable resemblance to that observed in allergic disease and parasitic infection, suggesting intriguing connections among these forms of immunity (33) .
Pathologic examination of metastases resected after vaccination delineated the context in which eosinophils could mediate antitumor activity. Degranulating eosinophils (along with neutrophils and lymphocytes) were found in association with damaged endothelium within the tumor vasculature; this vasculopathy resulted in significant zonal necrosis within the tumor mass. Although the mechanisms underlying the targeting and destruction of the tumor vasculature remain to be fully clarified, it is tempting to speculate that tumor-reactive T cells initially recognize tumor antigens presented by endothelial cells and then secrete cytokines that lead to the local recruitment and activation of eosinophils. The frequent finding of eosinophilia in response to parasites residing in small blood vessels (34) , together with the antitumor effects observed here, raises the possibility that eosinophils function in a general way to guard the vasculature.
Finally, the provocative association between the presence of brisk intratumoral lymphocytic infiltrates and improved survival of patients with malignant melanoma (4) (5) (6) (7) 28) raises the possibility that antitumor immune responses modulate the natural history of this disease. The discovery of immunization strategies that stimulate potent antimelanoma immunity, particularly in individuals who spontaneously fail to generate intratumoral lymphocytic infiltrates, should allow the testing of this idea with randomized clinical trials conducted in the setting of minimal residual disease after surgical resection. The results presented here strongly suggest that vaccination with irradiated autologous melanoma cells engineered to secrete GM-CSF is a compelling candidate for such evaluation.
